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The propagation of a chemical wave in a narrow, cone-shaped glass capillary was investigated.
When a chemical wave propagates from the wider end to the narrower end, it slows, stops, and then
disappears. A phenomenological model that considers the surface effect of the glass is proposed,
and this model reproduces the experimental trends.
PACS numbers:
INTRODUCTION
The mechanism of information processing in neuronal
systems is one of the central issues in modern science,
including biology, biochemistry, and physics. It is known
that information processing in nerve cells involves a tem-
poral change in the membrane potential. It has been
well-established that, in cablelike nerve cells, pulses on
the membrane propagate at a constant velocity and am-
plitude [1, 2]. Recently, on the basis of advances in ex-
perimental techniques, it is becoming clearer that the
manner of this pulse propagation is critically dependent
on the thickness or width of the nerve cells. For exam-
ple, it has been reported that the dendritic shape of nerve
cells strongly affects the propagation of an excited wave
[3, 4, 5]. These effects enable information processing em-
bedded in time-dependent signals, such as coincidence
detection, in which the timing of a pair of inputs can be
determined [6, 7, 8].
On the other hand, it has been claimed that the essence
of the neuronal system can be understood in terms of a
simple differential equation, the FitzHugh-Nagumo equa-
tion, as a type of reaction-diffusion system [9, 10]. Thus,
a neuronal pulse is a manifestation of a dissipative struc-
ture generated in nonequilibrium open systems [11]. Sev-
eral experimental and theoretical studies have been un-
dertaken on the reaction-diffusion systems as a model of
the neuronal system.
In such studies, the Belousov-Zhabotinsky (BZ) re-
action is often used as an experimental model of the
reaction-diffusion systems [12, 13]. In this system, chemi-
cal waves propagate at a constant velocity and amplitude
and, thus, exhibit the characteristics similar to those of
pulses in nerve cells. The characteristics of the BZ re-
action can be well described using a numerical model,
the Oregonator [14, 15]. For example, the Oregonator
model reproduces the existence of oscillatory and ex-
citable states, the formation of fascinating patterns (such
as target patterns and spiral patterns) [13], and also fea-
tures associated with hydrodynamical effects [16]. The
Oregonator model has a mathematical structure that is
similar to the FitzHugh-Nagumo equation. Therefore,
to better understand information processing in the neu-
ronal system, it may be useful to compare the behav-
ior of chemical waves in the BZ reaction, although there
exists a fundamental difference between them: a neu-
ronal pulse propagates on the two-dimensional tubular
membrane and a chemical wave propagates in the three-
dimensional volume.
Over the past decade, the behavior of the chemical
waves in a narrow space has been studied using a gel
system [17, 18], droplet system [19], and bead system
[20, 21]. To´th and co-workers reported that a chemi-
cal wave does not propagate when it expands from a thin
capillary to the bulk solution. They claimed that a chem-
ical wave can perform information processing [22, 23].
Masere et al. performed experiments on the propagation
of a chemical wave in a vertical capillary. They discussed
their experimental results with special emphasis on the
gravitational effect [24]. In these previous studies, the
features of the chemical-wave propagation in a narrow
straight capillary with a constant diameter were exam-
ined.
In the present study, we show that a chemical wave
slows, stops, and then disappears in a narrowing glass
capillary. We discuss this phenomenon in term of the
surface volume ratio for the reaction field, i.e., the surface
can seriously affect propagation of the chemical wave.
EXPERIMENTS
All chemicals were analytical-grade reagents and used
without further purification. An aqueous solution of
ferroin, or tris (1,10-phenanthroline) iron (II) sulfate,
was prepared by mixing stoichiometric amounts of 1,10-
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FIG. 1: Schematic representation of the experimental system;
the capillary was arranged horizontally and observed from
above by a charge-coupled device (CCD) camera.
phenanthroline and ferrous sulfate in pure water. The
water was purified with a Millipore Milli-Q system.
The BZ medium contained 0.35 M sodium bromate
(NaBrO3), 0.39 M sulfuric acid (H2SO4), 0.12 M malonic
acid (CH2(COOH)2), 0.05 M sodium bromide (NaBr),
and 4.0 mM ferroin (Fe(phen)2+3 ) (excitable condition).
We allowed the BZ solution to stand for ∼ 10 min and
then stirred it to diminish the formation of bubbles in
the solution.
We prepared a glass capillary (borosilicate glass with
a length of 100 mm and inner radius of 0.75 mm; Sut-
ter Instrument Co.) with a decreasing width by pulling
a straight capillary with a Micropipete puller (Model P-
97/IVF, Sutter Instrument Co.). The both ends of the
capillary were open, and the gradient of the inner radius
was 0.036. To make it easier to show the experimental
results, the x-axis is set as shown in Fig. 1. The capil-
lary was immersed in the BZ medium, fulfilled with the
BZ medium inside it, and then situated on a horizontal
plate for observation with a charge-coupled device (CCD)
camera (Digital Microscope Unit, Keyence). As soon as
bubbles formed inside the capillary, we stopped the ob-
servation: the data reported in the present study are only
from the experimental series without bubble formation.
All the experiments were performed at room tempera-
ture (20 ± 3 ˚C). Images were recorded on a videotape
and analyzed by an image processing system (Himawari,
Library, Inc.).
RESULTS
A chemical wave was initiated at the wider end by a
silver wire without disturbance. A chemical wave prop-
agating toward the narrower end slows, stops, and even-
tually disappears. The oxidized solution in the capillary
then reverts to the reduced state. A spatio-temporal plot
of images of the capillary along the long axis is shown in
Fig. 2(a), and the snapshots (taken every 5 s) are shown
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FIG. 2: Experimental results on the propagation failure in
a narrow capillary (the chemical wave propagated from left
(wider end) to right (narrower end)): (a) Spatio-temporal
plot of chemical-wave propagation and (b) snapshots with an
interval of 5 s. When the wave propagated to the narrower
region, it slowed, stopped, and then disappeared. Darker and
brighter areas correspond to reduced and oxidized states, re-
spectively.
in Fig. 2(b). These clearly show that the velocity of
the chemical wave gradually decreases before it stops.
This feature was observed in every chemical wave initi-
ated. With each subsequent wave, the position at which
the chemical wave stops has a tendency to shift slightly
toward the narrower end. Figure 3 shows the tempo-
ral change in the position (Fig. 3(a)) and velocity (Fig.
3(b)) of the chemical wave, and the velocity depending
on the position (Fig. 3(c)). From the observation, the
point where the chemical wave propagation stopped xs
was 2.7 ± 0.2 mm. We have confirmed the reproducibil-
ity of the experimental trend through a number of several
repeated experiments.
DISCUSSION
Here, we discuss here the characteristic change in the
manner of wave propagation in a glass capillary. Accord-
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FIG. 3: Features of the propagation failure of chemical waves
in the experiments as shown in Fig. 2: (a)temporal change
in the position of the chemical waves, (b)temporal change in
the velocity of the chemical waves, and (c)the relationship
between position and velocity.
ing to an analysis with the Oregonator, the velocity of
the chemical wave in the BZ reaction can be written as
[25]
v ≈
1
2
(k5HAD)
1/2 , (1)
where H is the concentration of H+ ions, A the con-
centration of bromate ions, D the diffusion constant of
the activator, and k5 the rate constant of the compo-
nent reaction, which is introduced as an autocatalytic
process by summation of the two elemental processes in
the Oregonator model [25]. Equation (1) is valid for a
plane and steady traveling wave but does not apply to
a wave that shows a change in velocity. By assuming
that the concentration dependence of the local velocity
along the capillary is also given in a similar way, we sim-
ply adapt eq.(1) to interpret the experimental trends in
a semiquantitative manner.
The x-axis is set in the direction of wave propagation.
We describe the inner radius of the glass capillary (r) by
assuming it to be a part of a cone:
r = a(x0 − x), (2)
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FIG. 4: Plot of v2 vs 1− b˜/[a(x0 − x)]. Five chemical waves
were measured, and the different marks correspond to the
different waves. By line-fitting, the gradient was calculated
to be 450 mm−2 s2.
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FIG. 5: Relationship between the position and velocity of
a chemical wave, based on the theoretical discussion given
in eq.(4); the parameters used here are determined from the
experiments.
where a corresponds to the gradient of the inner radius
of the glass capillary and x0 is the position that would
be the top of the cone.
The concentration of hydrogen ions (H) can be de-
creased by the effect of the glass surface of the capillary.
Note that H is the average concentration over the cross
section, and that the effect on the hydrogen concentra-
tion by the glass surface is effective only near the surface.
Amemiya et al. reported that the effective concentration
of hydrogen ions is not homogeneous in the porous glass
system [26]. Thus, the Na+ ions that are connected to
the SiO2
− groups could be replaced by H+ ions, which
causes a decrease in the value of H near the glass surface.
We assume that this effect is proportional to the surface
4volume ratio:
Heff = H
(
1− b
2pir
pir2
)
≡ H
(
1−
b˜
r
)
, (3)
where b is a positive constant that reflects the effect of
the glass surface. Although, at present, it seems difficult
to evaluate b experimentally, as a future subject, it may
be valuable to try to measure the change in the chemical
environment near the surface. The parameter b˜ (= 2b)
is a positive constant that is introduced to simplify the
equation.
From the abovementioned equations, we can derive the
relationship between the position and velocity:
v = v0
[
1−
b˜
a(x0 − x)
]1/2
, (4)
where v0 is the velocity of the chemical wave without
any effects from the glass surface. By letting v = 0 in
eq.(4), we can determine the position xs, which is where
the chemical wave stops:
xs = x0 −
b˜
a
. (5)
Equation (4) can also be written as
(
v
v0
)2
= 1−
b˜
a(x0 − x)
. (6)
From the experimental results, the parameters were de-
termined to be xs = 2.7 ± 0.2 mm, x0 = 5.5 mm, and
a = 0.036. Using these values, we plotted the relation-
ship between v2 and 1 − b˜/{a(x0 − x)} in Fig. 4, where
b˜ is calculated as b˜ = 0.20 ± 0.01 using eq. (5). The
results show a linear relationship between these two val-
ues. By line-fitting, the gradient was calculated to be
450 ± 50 mm−2 s2. This value corresponds to 1/v0
2, in-
dicating that v0 = 0.047 ± 0.003 mm/s, which roughly
corresponds to the wave velocity obtained through the
experiment using a wide capillary (0.06 ± 0.01 mm/s).
Using this value, the plot between v and x is shown in
Fig. 5. The relationship between v and x in the exper-
iments, as shown in Fig. 3(c), was well-reproduced in a
quantitative manner. The velocity profile near the point
where a chemical wave stops can be thus explained.
In the abovementioned discussion, the decrease in the
effective concentration of the hydrogen ion, (Heff), near
the glass surface seems to be induced by the adsorption
by the SiO2
− groups on the glass surface. With time, this
substitution continues, and the effect of the glass surface
on H decreases. This may be the cause of the slight shift
in the position at which the chemical wave stops.
Because we performed the experiments under an oxy-
gen atmosphere, it is possible that the oxygen disturbs
the propagation of the chemical wave. In regard to this
problem, we conducted the observation using a straight
capillary with open ends and confirmed that absorption
of the oxygen from an open end has a negligible effect on
the manner of wave propagation. Therefore, it is most
probable to expect that the significant factor is the ab-
sorption of the H+ ion to the inner wall of the glass cap-
illary.
CONCLUSION
When a chemical wave propagates from the wider end
of a glass capillary to the narrower end, it slows, stops,
and then disappears. This failure to propagate can be
caused by the effect of the glass surface inside the cap-
illary. A phenomenological model was considered, and
the essential aspects of the slowing and stopping of the
chemical wave were reproduced.
This study may promote a further understanding of
signal transduction in the neuronal system, especially in
narrow tubular parts, such as in the dendrites of nerve
cells.
Acknowledgment
We thank Dr. J. Gorecki (Polish Academy of Science,
Poland), Prof. T. Yamaguchi (National Institute of Ad-
vanced Industrial Science and Technology, Japan), and
Prof. M. Hara (RIKEN, Japan) for their discussions
regarding the mechanism of propagation failure. This
work was supported in part by Grants-in-Aid for the 21st
Century COE (Center for Diversity and Universality in
Physics), Scientific Research B, and JSPS Fellows (No.
5490).
∗ To whom correspondence should be addressed.
Tel:+81-75-753-3812. Fax:+81-75-753-3779.
Email:yoshikaw@scphys.kyoto-u.ac.jp
[1] Hodgkin, A.; Huxley, A. J. Physiol. (cambridge, U. K.)
1952, 117, 500.
[2] Kuffler, S. W.; Nicholls, J. G. From Neuron to Brain: A
Cellular Approach to the Function of the Nervous System;
Sinauer Associates: Sunderland, MA, 1984.
[3] Schaefer, A. T.; Larkum, M. E.; Sakmann, B.; Roth, A.
J. Neurophysiol. 89, 2003, 3143.
[4] Vetter, P.; Roth, A.; Ha¨usser, M. J. Neurophysiol. 85,
2001, 926.
[5] Ha¨usser, M.; Spruston, N.; Stuart, G. J. Science 2000,
290, 739.
[6] Agmon-Snir, H.; Carr, C. E.; Rinzel, J. Nature 1998,
393, 268.
[7] Motoike, I.; Yoshikawa, K. Phys. Rev. E 1999, 59, 5354.
[8] Motoike, I. N.; Yoshikawa, K.; Iguchi, Y.; Nakata, S.
Phys. Rev. E 2001, 63, 036220.
[9] FitzHugh, R. Biophys. J. 1961, 1, 445.
5[10] Nagumo, J.; Arimoto, S.; Yoshizawa, S. Proc. IRE 1962,
50, 2061.
[11] Nicolis, G.; Prigogine, I. Self-Organization in Nonequi-
librium Systems: From Dissipative Structures to Order
through Fluctuations; Wiley: New York, 1977.
[12] Zaikin, A. N.; Zhabotinsky, A. M.; Nature 1970, 225,
535.
[13] Kapral, R.; Showalter, K. Chemical Waves and Patterns;
Kluwer Academic Publishers: Dordrecht, The Nether-
lands, 1995.
[14] Field, R. J.; Noyes, R. M. J. Chem. Phys. 1972, 60, 1877.
[15] Tyson, J. J.; Fife, P. C. J. Chem. Phys. 1980, 73, 2224.
[16] Kitahata, H.; Aihara, R.; Magome, N.; Yoshikawa, K. J.
Chem. Phys. 2002, 116, 5666.
[17] Aliev, R. R.; Agladze, K. I. Physica D 1991, 50, 65.
[18] Gauffre, F.; Labrot, V.; Boissonade, J.; de Kepper, P.;
Dulos, E. J. Phys. Chem. A 2003, 107, 4452.
[19] Steinbock, O.; Mu¨ller, S. C. J. Phys. Chem. A 1998, 102,
6485.
[20] Yoshikawa, K.; Aihara, R.; Agladze, K. I. J. Phys. Chem.
A 1998, 102, 7649.
[21] Aihara, R.; Yoshikawa, K. J. Phys. Chem. A 2001, 105,
8445.
[22] To´th, A´.; Showalter, K. J. Chem. Phys. 1995, 103, 2058.
[23] To´th, A´.; Gaspar, V.; Showalter, K. J. Phys. Chem.,
1994, 98, 522.
[24] Masere, J.; Vasquez, D. A.; Edwards, B. F.; Wilder, J.
W.; Showalter, K. J. Phys. Chem. 1994, 98, 6505.
[25] Tyson, J. J. In Oscillations and Traveling Waves in
Chemical Systems; Field, R. J.; Burger, M., Eds.; Wi-
ley: New York, 1985.
[26] Amemiya, T.; Nakaiwa, M.; Ohmori, T.; Yamaguchi, T.
Physica D, 1995, 84, 103.
